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ABSTRACT 

MacroH2A is a histone H2A variant that is typically 
found in heterochromatic regions of the genome. 
A positively charged linker that connects the 
histone-fold with the macro-domain was suggested 
to have DNA-binding properties, and has been 
shown to promote oligomerization of chromatin 
fibers. Here we examine the influence of this basic 
linker on DNA of mononucleosomes. We find that 
the macro-linker reduces accessibility to extra- 
nucleosomal DNA, and appears to increase com- 
paction of the nucleosome. These properties arise 
from interactions between the H1-like basic linker 
region and DNA around the entry/exit site, which 
increases protection of nucleosomal DNA from exo- 
nuclease III digestion by M0 bp. By stabilizing the 
wrapping of DNA around the histone core, this basic 
linker of macroH2A may alter the distribution of 
nucleosome-associated factors, and potentially 
contribute to the more compacted nature of 
heterochromatin. 

INTRODUCTION 

By competing with transcription factors and other DNA 
binding proteins for access to genomic DNA, nucleosomes 
play a fundamental role in regulating gene expression. 
This natural ability of histones to restrict access to DNA 
is in turn regulated by diverse mechanisms, including 
charge neutralization of basic histone tails by acetylation, 
active nucleosome repositioning by chromatin remodelers, 
and stabilization of chromatin fibers and heterochromatic 
structures by polycomb group proteins and linker histones 
(1-10). Another means by which chromatin structure can 
be modulated is through substitution of histone variants, 
which can alter interactions with other histones, chroma- 
tin associated factors and DNA (11,12). 

The histone variant macroH2A is emerging as a complex 
and highly regulated variant linked to heterochromatin. 
Initially discovered as highly enriched on the inactive X 
chromosome of female mammals (13), macroH2A is also 



prevalent on centromeric heterochromatin of X and Y 
chromosomes during meiosis (14) as well as heterochro- 
matic and transcriptionally repressed regions of auto- 
somes (15-17). In vitro, a central ~40 residue segment of 
macroH2A called the macro-linker, which connects the 
N- terminal histone-fold with the C- terminal macro- 
domain (Figure 1A), has been shown to stimulate 
dramatic condensation and oligomerization of chromatin 
fibers (18). This macro-linker has a highly basic character 
and is similar in its amino acid composition to the 
C-terminus of the linker histone HI (13). Extending 
from the C-terminus of the H2A-like histone-fold, the 
macro-linker is positioned adjacent to entry/exit DNA 
where linker histones are believed to bind to the nucleo- 
some, and thus may serve as a 'built-in' linker histone-like 
tail (18,19). For the linker histone HI, the basic 
C-terminus plays an important role in nucleosome 
binding (20-22). Stable binding between linker histones 
and nucleosomes requires DNA flanking the nucleosome 
(22,23), and the association of basic C-termini of linker 
histones with extranucleosomal DNA reduces electrostatic 
repulsion of DNA, allowing for higher levels of chromatin 
fiber condensation (21,24). 

Localization and participation of macroH2A in chro- 
matin reorganization are regulated in at least two ways. 
One regulatory mechanism involves phosphorylation of 
Serl37 of macroH2A, which is located within the basic 
macro-linker and was found to correlate with exclusion 
of macroH2A from the inactive X chromosome in 
female mammals (25). This modification is most prevalent 
during mitosis, which also correlates with the cell cycle 
stage when linker histones are hyperphosphorylated and 
ejected from condensed chromosomes (25,26). Another 
regulatory mechanism utilizes the C-terminal macro- 
domain. Although macro-domains found in non-histone 
proteins have been shown to bind to poly-ADP ribose 
(PAR) (27), PAR binding appears to be limited to only 
one splice form of macroH2A, called macroH2Al.l 
(28-30). Disruption of PAR binding through mutagenesis 
of the macro-domain of macroH2Al.l was found to pre- 
vent local chromatin condensation in response to genomic 
insults such as single-stranded DNA breaks caused 
by microirradiation (30). In vitro, the macro-domain of 
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Figure 1. Overview of nucleosomes used in this study. (A) Domain or- 
ganization of full-length macroH2A, and the truncations used in this study 
compared with major-type H2A. The truncated macroH2A construct, 
mH2A 12 2, possesses only the histone-fold portion of macroH2A, and 
mH2A 161 additionally contains the basic macro-linker. (B) Nucleosomes 
and histone oligomers analyzed by SDS PAGE. To confirm the sizes and 
ratios of histone proteins in reconstituted nucleosomes, nucleosomes 
containing major-type H2A (lane 1), mH2A 12 2 (lane 3) and mH2A 161 
(lane 6) were run alongside the histone components: the histone octamer 
with major-type H2A (lane 2), mH2A 122 -H2B dimer (lane 4), (H3-H4) 2 
tetramer (lane 5) and mH2A 161 -H2B dimer (lane 7). (C) Nucleosomes 
analyzed by native PAGE. Fluorescently labeled nucleosomes (centered 
30-N-33 and end-positioned 0-N-33) were produced with either 
major-type H2A, mH2A 122 or mH2A 161 as indicated. 



macroH2A1.2 blocked the basic macro-linker from 
condensing and oligomerizing chromatin fibers (18). 
Thus, the macro-domain appears to provide a switch 
that allows macroH2A to dynamically reorganize 



chromatin structure, presumably through the action of 
the basic macro-linker. 

Given its highly charged nature and proximity to the 
entry/exit DNA on the nucleosome, we were interested in 
determining whether the macro-linker affected the 
availability or organization of extranucleosomal DNA 
for mononucleosomes. Since the manner in which the 
macro-domain may regulate exposure of the macro-linker 
is not yet understood, we chose to study the histone-fold 
and macro-linker portion of macroH2A in the absence 
of the macro-domain. We find that mononucleosomes 
possessing the basic macro-linker behave as though 
more compact and have less accessible extranucleosomal 
DNA. The apparent increase in compaction was observed 
by native polyacrylamide electrophoresis, where mono- 
nucleosomes that shifted away from DNA ends unexpect- 
edly migrated faster than end-positioned nucleosomes. 
The presence of the basic macro-linker increased pro- 
tection of entry/exit DNA from exonuclease III diges- 
tion, strengthening a pause site just outside the edge 
of the nucleosome. These results suggest that the 
macro-linker interacts with DNA flanking the nucleosome 
core, and support a functionally similar role to the 
C-terminal tails of linker histones in stabilizing extra- 
nucleosomal DNA. 



MATERIALS AND METHODS 

Reconstitution of nucleosomes 

All histones were recombinantly expressed in Escherichia 
coli and purified as previously described [(31) and web 
protocol from the Tsukiyama lab, http://labs.fhcrc.org/ 
tsukiyama/protocols.html]. The macroH2A constructs 
were derived from macroH2A1.2 from Mus musculus, 
and major- type H2A and other histones were from 
Xenopus laevis. According to previously described 
methods (19,32), major- type H2A was refolded with 
H2B, H3 and H4 to make octamer, mH2A 12 2 and 
mH2A 161 were each refolded with H2B to make dimers, 
and H3 and H4 were also independently combined 
to make (H3-H4) 2 tetramer. Dimers, tetramer, and 
octamer were separately purified by gel-filtration chroma- 
tography using a HiPrep Superdex 200 16/60 column 
(GE Healthcare). Fluorescently labeled DNA was 
generated using labeled primers and the Widom 601 pos- 
itioning sequence as template (33) in large-scale (5 ml) 
polymerase chain reactions. Prior to nucleosome reconsti- 
tution, fluorescent DNAs were purified by preparative 
native gel electrophoresis. 

Nucleosomes with major-type H2A were reconstituted 
by mixing the histone octamer and DNA in a 1:1 molar 
ratio under buffer conditions optimized previously 
(10 mM Tris-HCl, pH 7.5, 2M KC1, ImM EDTA and 
5mM (3-mercaptoethanol), and dialyzing against a salt 
gradient from 2M to zero KC1 (32). The same protocol 
was used to obtain mH2Ai 2 2 and mH2Ai 6 i nucleosomes, 
except that mH2A 12 2-H2B and mH2A 161 -H2B dimers 
were each mixed with (H3-H4) 2 tetramer and DNA in a 
~2:1 :1 ratio. All nucleosomes were purified with a pre- 
parative gel electrophoresis system (Bio-Rad mini prep 
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cell) using a 5.5 cm tall, cylindrical 6% non-denaturing 
polyacrylamide gel. Nucleosome purity was assessed by 
6% native PAGE. 

Electrophoretic mobility shift assay 

A truncated form of the Saccharomyces cerevisiae Chdl 
remodeler (residues 118-1274), which contained the core 
chromodomains, ATPase motor, and DNA-binding 
domain (hereafter referred to as Chdl), were expressed 
and purified as previously described (34). To compare 
the relative abilities of the Chdl remodeler to stably asso- 
ciate with different nucleosomes under identical condi- 
tions, the Chdl remodeler was incubated with a mixture 
of major- type H2A and mH2A 12 2 or mH2A 161 nucleo- 
some substrates. Nucleosomes containing major- type 
H2A were FAM-labeled, and both mH2A 12 2 and 
mH2A 161 nucleosomes were Cy5-labeled. All nucleosomes 
for the binding experiments were end-positioned O-N-33, 
with the fluorescent label on the zero-end. Chdl (0, 5, 10, 
20, 40, 80 nM) was incubated with nucleosomes (5nM 
major-type H2A plus 5nM mH2A 12 2 or mH2A 161 ) for 
1 h on ice and then resolved on 6% native polyacrylamide 
gels (60:1 acrylamide to bis-acrylamide). Gels were 
visualized using a Typhoon 9410 variable mode imager 
(GE Healthcare) and analyzed using ImageJ (http:// 
imagej . nih . go v/ij /) . 

Nucleosome sliding assay 

FAM-labeled nucleosomes containing major- type H2A 
(50 nM) were mixed with Cy5-labeled nucleosomes con- 
taining mH2A 12 2 or mH2A 161 histones (also 50 nM) and 
incubated at room temperature with 20 nM Chdl in buffer 
containing lOOmM KC1, 5mM MgCl 2 , 20 mM Tris-HCl 
(pH 7.5), 0.1 mM EDTA, 5% sucrose, 0.1 mg/ml BSA and 
5mM dithiothreitol (DTT). Reactions were stopped 
at indicated time points by placing on ice after mixing 
with competitor DNA (pUC18 plasmid with a 12-mer 
array of the 601 sequence, added to a final concentration 
of ~1 mg/ml) and 5mM EDTA. Reactions were then 
loaded on 6% native polyacrylamide gels (60:1 acrylamide 
to bis-acrylamide), visualized using a Typhoon 9410 
variable mode imager (GE Healthcare), and analyzed 
using ImageJ (http://imagej.nih.gov/ij/). 

Site-specific histone-DNA contact mapping 

The locations of the histone octamer on nucleosomal 
DNA were mapped at high resolution using previously 
published methods (35,36). Briefly, nucleosomes recons- 
tituted with H2B having a cysteine substitution at 
position 53 were modified with p-azidophenacyl bromide 
(APB) in a 20 |il reaction by incubation in a buffer that 
contained ~0.5 uM nucleosomes, 50-100 uM DTT, 
2.5 mM APB (from a 50 mM stock in N,N dimethyl 
formamide), 20 mM Tris-HCl (pH 7.5) and 5% glycerol, 
for 2-3 h at room temperature and in the dark. 
Modification reactions were stopped by addition of 
equal volume of 2X remodeling assay buffer, which con- 
tained 10 mM DTT along with 40 mM Tris-HCl (pH 7.5), 
lOOmM KC1, lOmM MgCl 2 , 0.2 mM EDTA, 0.2 mg/ml 
BSA and 10% sucrose. Nucleosomes thus modified were 



either directly UV cross-linked or further incubated at 
room temperature with the Chdl remodeler and 2mM 
ATP. Nucleosome sliding reactions contained 50 nM 
Chdl and 150nM nucleosomes and were stopped using 
competitive DNA (-4 mg/ml) and 5mM EDTA. The 
reaction mixtures were then cross-linked by irradiating 
with a 312nm UV transilluminator for M min, followed 
by enrichment of the cross-linked species by phenol 
choloroform extraction as previously described (35). 
After cleavage of the protein-DNA cross-link with heat 
and alkali treatment, precipitated DNA samples were re- 
suspended in 5 jLxl formamide loading dye and applied on 
8% polyacrylamide (19:1), 8 M urea sequencing gels run at 
65 W for 1 h 20 min. Gels were visualized by using a 
Typhoon 9410 variable mode imager (GE Healthcare) 
and analyzed using ImageJ (http://imagej.nih.gov/ij/). 

Exonuclease III assay 

For exonuclease III mapping experiments, nucleosomes 
(100 nM) possessed 5'-FAM labels at the zero- or 
30-ends. In lOjil reaction volumes, nucleosomes were 
incubated at 24° C for 10 min in buffer containing 
20 mM HEPES-KOH (pH 7.6), lOmM MgCl 2 , 50 mM 
KC1, ImM DTT, 0.1 mg/ml BSA and 5% sucrose. 
These reactions were then treated with 0-10 units of exo- 
nuclease III (New England Biolabs), incubated 5 min 
longer at 24° C, and then quenched with final concentra- 
tion of 10 mM EDTA and 1% SDS. Samples were supple- 
mented with carrier agents (5 jig each of E. coli tRNA, 
oyster glycogen, and linear acrylamide, and 1/10 volume 
of 3M sodium acetate, pH 5.2), extracted by phe- 
nol:chloroform:isoamyl alcohol (25:24:1) followed by 
chloroform:isoamyl alcohol (24:1), and then ethanol 
precipitated. Following a 70% ethanol wash, the 
samples were dried by speedvac (5 min) and resuspended 
in 5 jil formamide loading dye. Samples were separated on 
sequencing gels and visualized as described above for 
site-specific mapping. 

RESULTS 

The basic linker of macroH2A (residues 122-161) 
reduces accessibility of extranucleosomal DNA 

In addition to specific DNA interactions provided by 
the folded portion of the histone octamer, DNA 
binding energy is also provided by basic residues in 
the flexible histone tails (37,38). Although histone tails 
do not appreciably alter the footprint of the core 
histone octamer on DNA (39,40), interactions between 
histone tails and nucleosomal DNA can influence asso- 
ciation of other proteins. For example, both Gal4-AH 
and TFIIIA bind more poorly to sites on nucleosomes 
with intact histone tails, an effect that can be alleviated 
by reducing positive charges through lysine acetylation 
or proteolytic removal of the histone tails (41,42). This 
inhibitory effect of histone tails has been explained as a 
change in the dynamic unwrapping of nucleosomal 
DNA from the histone octamer, with a higher number 
of favorable electrostatic interactions preferentially 
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stabilizing a wrapped and therefore less accessible state 
of nucleosomal DNA (43). 

The linker connecting the histone-fold with the 
macro-domain of macroH2A is highly basic, with a 
range of vertebrate species having 1 arginine and 13-14 
lysine residues within a ~40 residue segment (residues 
122-161 for mouse macroH2A). This linker extends 
from the C-terminus of the H2A-like histone-fold, which 
positions it proximal to the entry/exit DNA of the nucleo- 
some (19). To determine what influence this basic linker 
may have on extranucleosomal DNA just outside the nu- 
cleosome, we generated nucleosomes containing the 
histone-fold and basic linker portion of macroH2A 
(residues 1-161, called mH2A 161 ; Figure 1A). To control 
for biochemical differences arising outside this basic 
linker, we also generated nucleosomes containing only 
the histone-fold portion of macroH2A (called mH2A 122 ). 
Both of these macroH2A-containing nucleosomes were 
compared with nucleosomes containing the major- type 
H2A histone. 

As previously described, the histone-fold portion of 
macroH2A in complex with histone H2B remain stably 
associated with the (H3-H4) 2 tetramer in ~0.5M KC1, 
which interferes with the ordered deposition of (H3-H4) 2 
tetramers and then H2A-H2B dimers onto DNA using 
gradient salt dialysis (19). Accordingly, (H3-H4) 2 tetra- 
mers and H2A-H2B dimers were prepared separately. 
The mH2A 122 -H2B and mH2A 161 -H2B dimers each 
formed 1:1 complexes as expected, and could be 
combined with (H3-H4) 2 tetramers and DNA in a 2:1:1 
ratio to form mononucleosomes containing the full com- 
plement of histones (Figure IB). The histone cores were 
positioned on DNA using the Widom 601 sequence (33). 
For this study, we designed nucleosomes to be either cen- 
trally positioned (denoted 30-N-33) or end-positioned 
(denoted 0-N-33 or 0-N-80, where N represents the core 
145 bp of the Widom 601 sequence (44)). Native polyacryl- 
amide gel electrophoresis (PAGE) was used to evaluate 
the quality of mononucleosomes, and suggested that 
each sample had a relatively homogeneous placement of 
histone octamers on DNA (Figure 1C). The rate of migra- 
tion in native PAGE is sensitive to the overall size and 
shape of mononucleosomes, and therefore the presence of 
multiple bands indicates heterogeneous distribution of 
histone octamers on the DNA fragment (45,46). It is im- 
portant to note that the rate of migration with native 
PAGE also depends on the overall charge of the 
mononucleosomes. Therefore, the additional basic 
residues present in mH2A 161 nucleosomes may be respon- 
sible for the reduced migration speeds compared with 
major-type H2A and mH2A 122 nucleosomes. For a given 
histone type and length of DNA, nucleosomes typically 
migrate more rapidly when the histone octamer is 
end-positioned on DNA than when at more central 
locations. 

Given its highly basic charge and location near the 
entry/exit site, we were interested to see whether the 
linker of macroH2A reduced accessibility of extranu- 
cleosomal DNA. To evaluate the general accessibility 
of DNA outside the nucleosome, we used the yeast 
Chdl (chromodomain-helicase-DNA-binding factor 1) 



chromatin remodeler (47). The C-terminal DNA-binding 
domain of Chdl is required for stable association with 
nucleosomes, and binds to DNA duplexes with some 
sequence preference but is largely sequence-non-specific 
(48-50). The Chdl DNA-binding domain interacts 
poorly with nucleosomal DNA, and a stable complex 
between Chdl and nucleosomes requires ~20 bp of 
extranucleosomal DNA (49). 

Chdl was incubated with mixtures of major- type H2A 
(FAM-labeled) and either mH2A 122 or mH2A 161 
(Cy5-labeled) nucleosomes containing 33 bp of extran- 
ucleosomal DNA at one entry/exit site, and monitored 
by native PAGE (Figure 2). For both major- type H2A 
and mH2A 122 nucleosomes, super-shifted bands were 
apparent at all Chdl concentrations, with ladders 
produced at higher Chdl concentrations indicative of nu- 
cleosomes associated with multiple Chdl proteins (lanes 
1-14). In contrast, nucleosomes containing the macro- 
linker (mH2A 161 ) failed to yield super-shifted bands at 
the lowest protein concentrations used, and at higher 
concentrations primarily produced a single super-shifted 
band rather than a ladder (lanes 22-28). This reduction in 
both apparent affinity and the number of super-shifted 
bands suggests that the basic macro-linker effectively 
reduced the availability of extranucleosomal DNA for 
Chdl binding. 

The basic linker of macroH2A appears to 
increase compaction of mononucleosomes 

In the context of chromatin fibers, nucleosomes contain- 
ing full-length macroH2A behaved similarly to those with 
major- type H2A, yet the presence of macro-linker without 
the C-terminal macro-domain dramatically altered fiber 
properties (18). We wondered whether the macro-linker 
would also change properties of mononucleosomes in a 
way that might affect nucleosome sliding. Previous 
studies demonstrated that nucleosomes containing either 
the histone-fold portion only or the full-length macroH2A 
could be readily shifted by Swi/Snf, RSC (Swi/Snf-type) 
and ACF (Iswi-type) chromatin remodeler s (51). To test 
whether the macro-linker alone could change the outcome 
of a nucleosome sliding reaction, we incubated 0-N-33 
nucleosomes with the Chdl remodeler and monitored 
the reaction by native PAGE (Figure 3A). As observed 
for other remodelers, movement of mH2A 122 nucleosomes 
by Chdl paralleled those of major-type H2A nucleosomes. 
Both nucleosomes showed slower migration over time by 
native PAGE, suggestive of histone octamers shifting to 
more central locations on the DNA (lanes 1-20). The 
apparent rates at which both nucleosomes shifted from 
end to more centered locations were comparable, 
indicating that nucleosome sliding by Chdl is not 
affected by substitution of major- type H2A with the 
histone-fold portion of macroH2A. 

In contrast, sliding of mH2A 161 nucleosomes produced 
an unexpected result: instead of showing a reduced migra- 
tion in the native gel, as expected for movement toward a 
more central location, we observed more rapid migration 
of nucleosomes in the presence of Chdl and ATP 
(lanes 21-30). The lower, faster migrating band appeared 
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Figure 2. The basic macro-linker reduces the availability of 
extranucleosomal DNA for Chdl binding. (A) Mixtures nucleosomes 
containing major-type H2A and mH2Ai 2 2 (5nM each) were incubated 
with increasing amounts of the chromatin remodeler Chdl (5, 10, 20, 
40, 60 and 80 nM) for 1 h on ice and resolved on a 6% non-denaturing 
gel. Left image is an FAM-scan showing the locations of major-type 
H2A nucleosomes, and right image is a Cy5-scan showing the mH2A 12 2 
nucleosomes. (B) Similar experiment as shown in (A), except that 
Cy5-labeled nucleosomes contained mH2A 161 . These gels are represen- 
tative of more than three experiments carried out under similar 
conditions. 



rapidly, and at later time points a slower band, similar in 
position to the starting material, began to increase in 
intensity. This downward movement of the starting 
mH2A 161 nucleosome band was observed consistently in 
an ATP-dependent fashion. Nucleosomes were also 
generated with longer extranucleosomal DNA (0-N-80), 
which allows for more intermediate nucleosome positions 
to be resolved between end and more central locations 
(Figure 3B). Similar to the 0-N-33 nucleosomes, the 
0-N-80 mH2A 161 nucleosomes also displayed a striking 
downward shift of the primary nucleosome band relative 
to the starting material (lanes 61-70). At later time points, 
the mH2Ai 6 i nucleosome bands also shifted upward, and 
appeared to migrate at a location similar to the starting 
material. 

Two possible explanations for this aberrant migration 
of mH2Ai 6 i nucleosomes are that the histone octamer was 
initially mis-positioned relative to the 601 positioning 
sequence, and/or that the macro-linker altered the 
preferred direction of sliding by Chdl. To determine 
whether the macro-linker altered the expected location 
of the histone octamer on the 601 sequence, we 
employed high-resolution nucleosome mapping using the 
photoactivatable cross-linker p-azidophenacyl bromide 
(APB) (35,36). The site of APB modification was residue 



53 of histone H2B (mutated Ser^Cys), which has been 
shown to cross-link to one strand of nucleosomal DNA 
approximately two helical turns from the entry /exit site 
(35,36). Dimers of H2A/H2B containing this H2B 
Cys-53 mapping histone were generated for both 
mH2A 12 2 and mH2A 161 , and incorporated into nucleo- 
somes. As we were concerned from the migration profile 
that the mH2A 161 octamer may have been mis-positioned 
from being close to one end of the DNA duplex, we also 
designed a centrally located 30-N-33 nucleosome. For 
both 30-N-33 and 0-N-33 nucleosomes, mapping 
revealed cross-links corresponding to the expected pos- 
itions of the histone octamer on the 601 sequence for 
both mH2A 12 2 and mH2A 161 nucleosomes (Figure 4A). 
Therefore, the presence of the macro-linker did not 
alter the placement of the histone octamer on the 601 
positioning sequence, and the aberrant migration in the 
native gel must arise from another property of these 
nucleosomes. 

To further investigate the possible causes of the 
aberrant migration of mH2A 161 nucleosomes, we used nu- 
cleosome mapping to determine whether the direction of 
nucleosome sliding was altered by the macro-linker. Given 
the similar patterns of mH2A 12 2 and major- type H2A nu- 
cleosomes upon treatment with Chdl, we mapped 
mH2A 12 2 in parallel with mH2A 161 nucleosomes. For 
both mH2A 12 2 and mH2A 161 nucleosomes, similar 
patterns of histone cross-linking were observed 
(Figure 4B and C). For the 0-N-33 nucleosomes, 
cross-linking shifted from the initial position at +18 bp 
to +28 bp and +36 bp, corresponding to movements of 
the histone octamer of 10 bp and 18 bp along the DNA, 
respectively. An additional cross-link at +49 bp was 
evident for mH2A 12 2 but not mH2A 161 nucleosomes, 
which corresponded to a 31 bp shift of the histone 
octamer. The failure to observe this +49 cross-link for 
mH2A 161 may have been due to weaker binding of Chdl 
to centered nucleosomes with short extranucleosomal 
DNA (e.g. to 18-N-15). A similar but more extended 
pattern of cross-linking was also observed with 0-N-80 
nucleosomes (Figure 4C). In agreement with their poorer 
binding to Chdl, mH2A 161 nucleosomes were mobilized 
more slowly than mH2Ai 22 nucleosomes (Supplementary 
Figure SI). However, given sufficient time and Chdl 
protein, both nucleosomes produced similar patterns 
(Figure 4C), indicating that the macro-linker did not inter- 
fere with either the direction of nucleosome sliding, nor 
the final preferred distributions of histone octamer on the 
DNA. 

These mapping experiments demonstrated that the 
aberrant migration of mH2A 161 nucleosomes on native 
gels (Figure 3) did not arise from initial mis-positioning 
of the mH2A 16 i octamer on the 601 sequence, nor from a 
different direction of sliding by the Chdl remodeler. 
Instead, this aberrant migration suggested that as 
mH2Ai 6 i nucleosomes shifted away from DNA ends, 
the molecular shape changed in a way that differed from 
nucleosomes lacking the basic macro-linker. One explan- 
ation for the increased rates of migration is that the 
macro-linker promoted a more compact organization of 
the nucleosome. Since dynamic unwrapping of DNA from 
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Figure 3. End-positioned nucleosomes containing mH2A 161 migrate aberrantly in native gels when shifted by the Chdl remodeler. (A) A represen- 
tative nucleosome sliding experiment of end-positioned 0-N-33 nucleosomes that consisted of a mixture of major-type H2A nucleosomes 
(FAM-labeled) and either mH2A 12 2 or mH2A 161 nucleosomes (Cy5-labeled). A total of 100 nM nucleosome (50 nM each) was incubated with 
20nM Chdl in a buffer containing 50mM KC1, 5mM MgCl 2 , 20mM Tris.HCl (pH 7.5), 0.1 mM EDTA, O.lmg/ml BSA, 5mM EDTA, 5% 
sucrose and 2mM ATP. (B) A similar nucleosome sliding experiment as shown in (A), except using 0-N-80 end-positioned nucleosomes, and with 
sliding buffer containing 100 mM KC1. For all nucleosome sliding reactions, the same pattern of shifted nucleosomes migrating faster than the 
starting material was observed for mH2A 161 , whereas both major-type H2A and mH2A 12 2 nucleosomes showed the expected slower migration 
indicative of nucleosome centering. 



the nucleosome would increase the effective size of the 
particle, a more compact organization may be achieved 
if the macro-linker stabilized the interactions of entry/ 
exit site DNA with the his tone core. 

The linker domain of macroH2A stabilizes DNA 
at the entry/exit site of the nucleosome 

To further probe the organization of DNA at the nucleo- 
some entry/exit site, we treated nucleosomes with limiting 
amounts of exonuclease III. End-positioned 0-N-33 
nucleosomes containing major- type H2A, mH2A 12 2 or 
mH2A 161 were used, all of which possessed 5'-FAM 
labels at the zero-length side of the nucleosome. Since 
exonuclease III digests DNA 3-5', the FAM label 
allowed digestion through the 33 bp extranucleosomal 
DNA to be visualized. For major- type H2A and 
mH2A 12 2 nucleosomes, the major products corresponded 
to the nucleosome edge, ~ 144 bp from the FAM label. 
Two minor sites flanked this position, one of which was 
M0 bp more internal on the nucleosome, whereas another 
was M0 bp external, at ~ 154 bp. Exonuclease III diges- 
tion of mH2A 161 nucleosomes produced related, but 
noticeably distinct profiles. The major digestion products 
around 144 bp were still apparent with higher 



concentrations of exonuclease III, but were accompanied 
by substantial increases in pausing at the ~ 154 bp site. 
At the lowest amount of exonuclease III used, an 
additional site of protection was observed farther away 
from the nucleosome edge, giving rise to a digested 
product ~ 165 bp in length. These digestion patterns were 
highly reproducible, and similar relative locations of 
exonuclease III pausing were also observed for 30-N-33 
nucleosomes (Supplementary Figure S2). The pause sites 
at the entry/exit site with 33 bp of extranucleosomal 
DNA were therefore not dependent on the presence or 
absence of extranucleosomal DNA at the other entry/ 
exit site. 

These exonuclease experiments show that the basic 
macro-linker increased the amount of DNA protected 
by the histone core. Given the highly charged and 
presumed flexible nature of the macro-linker, a defined 
site of protection due to direct interactions with the 
macro-linker was not expected. Since the two major sites 
of protection for mH2A 161 were also observed for H2A 
and mH2A 12 2 nucleosomes, the macro-linker appears to 
strengthen the minor pause site just outside the nucleo- 
some edge. This behavior is consistent with a decreased 
propensity for unwrapping at the entry/exit site compared 
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Figure 4. The presence of the macro-linker does not affect the position of the histone octamer on the 601 sequence in the presence or absence of the 
Chdl remodeler. Histone octamer positions were mapped by photochemical cross-linking of APB-modified histone H2B as previously described 
(35,36). (A) Centrally positioned (30-N-33) and end-positioned (0-N-33) nucleosomes were mapped containing major-type H2A, mH2A 12 2 and 
mH2A 161 as indicated. For all nucleosomes, the predominant sites of cross-linking were found ~2 turns of DNA from entry/exit sites expected 
from positioning by the 601 sequence. (B) End-positioned 0-N-33 nucleosomes containing either mH2A 12 2 or mH2A 161 were mapped before and after 
sliding with Chdl. After 30 or 90 min incubations with Chdl, most new cross-linking sites were observed for both mH2A 12 2 and mH2A 161 nucleo- 
somes (filled triangles). (C) Similar nucleosome sliding experiments as shown in (B), except using 0-N-80 nucleosomes. For the nucleosome sliding 
experiments in (B) and (C), the close match of new cross-linking sites for mH2A 12 2 and mH2A 161 nucleosomes show that the macro-linker does not 
impair the direction of sliding by Chdl, nor alter the preferential locations of repositioned histone octamers in the context of the 601 positioning 
sequence. 



with major- type H2A nucleosomes, and agrees with the 
more compact nature of mH2A 161 nucleosomes suggested 
by native PAGE. 

DISCUSSION 

Histone variants possess chemically and structurally 
unique features at strategic locations on the nucleosome, 
which provide a rich medium for maintaining epigenetic 
information. These distinct surfaces of histone variants are 
targets for post-translational modifications, but also can 
dramatically alter the biophysical properties of both 
mononucleosomes and chromatin fibers. The variant 
H2A.Bbd, for example, promotes decondensation of chro- 
matin fibers, having both a less negatively charged acidic 
patch, and a reduced ability to stabilize DNA wrapping 
at entry/exit sites of the nucleosome (52-54). In contrast, 
macroH2A has a highly basic linker extending from the 
histone-fold domain that promotes oligomerization 
and condensation of chromatin fibers (18). These chroma- 
tin compaction properties were only observed in the 
absence of the C-terminal macro-domain, demonstrating 
that the macro-domain can functionally mask the basic 
macro-linker. In this study, we focused on how the 



macro-linker, independent of the macro-domain, influe- 
nced properties of mononucleosomes. 

We report here that the basic linker of macroH2A sta- 
bilizes DNA at the entry/exit site of the nucleosome. The 
presence of the basic macro-linker, but not the macroH2A 
histone-fold, increased the mobility of partially shifted nu- 
cleosomes in native polyacrylamide gels (Figure 3). Such 
behavior may be explained by increased interactions with 
entry/exit DNA. The shape of a mononucleosome largely 
depends on the lengths and directions of DNA protruding 
from the histone core. Although crystal structures show 
converging trajectories of DNA exiting both side of the 
nucleosome (55,56), DNA unwrapping, which has been 
shown to occur prevalently in solution (57,58), would 
result in DNA extending from the nucleosome with diver- 
gent trajectories. Sliding histones away from DNA ends, 
which shortens the flanking DNA from one side while 
exposing previously protected DNA on the other, typic- 
ally slows migration in native gels (45,46). However, if the 
newly protruding short segment from the 'zero' side of 
the nucleosome were stabilized against the histone core 
as the opposite side were shortened, the resulting nucleo- 
some shape may provide a net increase in mobility. 
Further sliding away from DNA ends, however, would 
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eventually allow DNA from the short side to protrude 
significantly enough to reduce migration. Thus, inter- 
actions of entry/exit DNA with the basic macro-linker 
may be responsible for the more rapid and then slowed 
nucleosome migration as the histone octamer shifts away 
from one end of DNA to a more central location. 

In agreement with stabilization of DNA around entry/ 
exit sites, we found that the macroH2A linker increased 
protection from exonuclease III digestion (Figure 5). In 
the presence of the macro-linker, the two major pause 
sites for exonuclease were shifted by MO bp toward 
extranucleosomal DNA, and for O-N-33 nucleosomes a 
new minor pause site was observed an additional MO bp 
further away. Although changing the distribution of 
paused sites, this shift appeared to maintain the pattern 
of exonuclease pausing observed for nucleosomes lacking 
the macro-linker, and corresponded with phasing of DNA 
on the nucleosome. Since the macro-linker is not expected 
to have specific interactions with DNA due to its sequence 
and predicted flexibility, the shift in exonuclease pausing 
likely reflects stabilization of DNA wrapping of the 
nucleosome. 

A similar increase in native gel mobility has been pre- 
viously described for mononucleosomes in the presence of 
linker histone H5 (9). In that study, the changes in 
mononucleosome migration were dependent on the basic 
C-terminus of the linker histone. Consistent with faster 
migration, the presence of the histone H5 C-terminus 
was also shown by electron microscopy to bridge the 
two segments of entry /exit DNA on either side of the 
nucleosome into a stem-like structure (9,59). This notion 
of a stem-like organization of extranucleosomal DNA 
stabilized by basic polypeptide segments has been sup- 
ported by subsequent FRET studies, where non-acetylated 



histone tails and histone HI were shown to reduce separ- 
ation of DNA segments extending from the nucleosome 
core (60,61). Consistent with reduced repulsion of extran- 
ucleosomal DNA segments, we also observed that size- 
exclusion chromatography elution profiles of 30-N-33 
nucleosomes were retarded when containing mH2A 161 
compared with mH2A 12 2 and major- type H2A histones, 
also suggestive of a more compact nucleosome shape (data 
not shown). 

Strengthening of histone-DNA interactions around the 
entry/exit site of the nucleosome has been observed for 
nucleosome-associated factors such as linker histones 
and HMG family proteins. Linker histones have long 
been known to extend the DNA protection pattern 
beyond the nucleosome core, a characteristic of the so- 
called chromatosome (62). Although the ~80 amino acid 
globular domain of linker histone HI is essential for nu- 
cleosome binding and chromatosome formation (63), the 
highly basic and unstructured MOO amino acid C- 
terminal domain, which is largely responsible for HI 
binding to chromatin in vivo, influences the length of 
extranucleosomal linker DNA organized at the entry/ 
exit sites (22,64,65). 

The nucleosome sliding experiments presented here 
suggest that while the linker region of macroH2A can 
slow the rate of nucleosome remodeling, it does not no- 
ticeably alter the relative translational positions of the 
histone core along the DNA for remodeling intermediates 
(Figure 4). An important difference from previous nucleo- 
some sliding experiments with macroH2A (51) is that our 
nucleosomes lacked the macro-domain. Interactions 
between the macro-linker and DNA around the entry/ 
exit site that stabilize histone-DNA interactions may 
explain the reduced affinity and activity of the yeast 




Figure 5. The macro-linker extends protection of DNA flanking the nucleosome from exonuclease III digestion. End-positioned (O-N-33) nucleo- 
somes containing major-type H2A, mH2A 12 2 or mH2A 161 were digested with increasing amounts of exonuclease III. DNA fragments contained the 
5'-FAM label on the zero-end of the nucleosome. Increased digestion was apparent for mH2A 161 at ~154bp and ~165bp, corresponding to ~81 bp 
and ~92bp from the nucleosome dyad (filled triangles). DNA appeared more protected at 132-135 bp, corresponding to ~59-62bp from the dyad 
(bracket), likely due to increased exonuclease III pausing at the nucleosome edge. M = marker, UP = unprocessed. 
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Chdl remodeler. Based on these experiments, we expect 
that other remodelers sensitive to the presence and/or 
position of extranucleosomal DNA would also have 
reduced activity on nucleosomes where the basic macro- 
linker is exposed. 

Neither ACF nor Swi/Snf-type remodelers were signifi- 
cantly challenged for mobilizing nucleosomes with full- 
length macroH2A (51), and we speculate that neither of 
these remodelers would be sensitive to nucleosomes with 
exposed macro-linkers. Although the Iswi-type remodelers 
such as ACF have several biochemical properties in 
common with Chdl remodelers, such as nucleosome 
assembly, spacing, and centering (66,67), these two 
enzymes differ in their ability to mobilize nucleosomes 
associated with linker histones. ACF but not Chdl was 
found to both incorporate and actively mobilize chroma- 
tin in the presence of histone HI (66,68). Thus, despite the 
sensitivity toward flanking DNA that would be expected 
for a remodeler that produces evenly spaced nucleosome 
arrays, the ability of ACF to mobilize nucleosomes in the 
presence of linker histones makes it unlikely to be sensitive 
to the presence of an exposed macro-linker. Swi/Snf-type 
remodelers are known for sliding nucleosomes independ- 
ently of available extranucleosomal DNA (69), and there- 
fore would also likely not be blocked by the macro-linker. 
However, Swi/Snf remodelers are often recruited to chro- 
matin by sequence-specific binding proteins (70,71), and 
thus while not directly blocked, the reduced accessibility 
of extranucleosomal DNA due to macroH2A may reduce 
affinity of targeting factors, thereby indirectly reducing 
Swi/Snf remodeling activity. 

Reduced binding affinity due to the macro-linker could 
affect other chromatin- specific factors as well. Both HMG 
family proteins and linker histones require extranuc- 
leosomal DNA for stable binding to nucleosomes (72), 
and associations between the macro-linker and flanking 
DNA may make DNA less available for these factors. 
In agreement with this notion, chromatin containing 
macroH2A has been shown to be devoid of histone 
HI, perhaps as a consequence of the basic macro-linker 
effectively competing away the C-terminus of linker 
histones (73). We look forward to future studies that 
describe how the macro-linker activity is regulated 
by the macro-domain, and how altering DNA organiza- 
tion at the mononucleosome level may contribute to 
physical properties of heterochromatin stabilized by 
macroH2A. 
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